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Herpes simplex virus (HSV) entry and cell-cell fusion require the envelope proteins gD, gH/gL and gB. We 
propose that receptor-activated conformational changes to gD activate gH/gL, which then triggers gB (the 
fusogen) into an active form. To study this dynamic process, we have adapted a dual split protein assay 
originally developed to study the kinetics of human immunodeficiency virus (HIV) mediated fusion. This 
assay uses a chimera of split forms of renilla luciferase (RL) and green fluorescent protein (GFP). Effector 
cells are co-transfected with the glycoproteins and one of the split reporters. Receptor-bearing target 
cells are transfected with the second reporter. Co-culture results in fusion and restoration of RL, which 
can convert a membrane permeable substrate into a luminescent product, thereby enabling one to 
monitor initiation and extent of fusion in live cells in real time. Restoration of GFP can also be studied 
by fluorescence microscopy. Two sets of split reporters have been developed: the original one allows 
one to measure fusion kinetics over hours whereas the more recent version was designed to enhance 
the sensitivity of RL activity allowing one to monitor both initiation and rates of fusion in minutes. 
Here, we provide a detailed, step-by-step protocol for the optimization of the assay (which we call the 
SLA for split luciferase assay) using the HSV system. We also show several examples of the power of this 
assay to examine both the initiation and kinetics of cell-cell fusion by wild type forms of gD, gB, gH/gL of 
both serotypes of HSV as well as the effect of mutations and antibodies that alter the kinetics of fusion. 
The SLA can be applied to other viral systems that carry out membrane fusion. 

€ 2015 Elsevier Inc. All rights reserved. 
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1. Introduction [1]. In addition, these major conformational changes are assumed 


to provide the energy needed for membrane fusion [1-3]. 


Membrane fusion, the disruption of both the inner and outer 
layers of plasma or endocytic membranes and viral membranes, 
is a biological process that enveloped viruses use to enter cells 
and deliver the capsid containing the viral genome for replication. 
All viral fusion proteins have distinct conformations before, during 
and after executing membrane fusion. For many enveloped viruses, 
receptor binding and/or lowered pH activates the prefusion state of 
the viral fusion protein to a form that allows the fusion peptide or 
fusion loop(s) to insert into a target membrane, causing both 
fusion and conversion of the fusion protein into a postfusion form 


* Corresponding author at: Room 212, Levy Building, School of Dental Medicine, 
University of Pennsylvania, 240S 40th Street, Philadelphia, PA 19104, United States. 
E-mail addresses: wsaw@dental.upenn.edu (W.T. Saw), zmatsuda@ims.u-tokyo. 
ac.jp (Z. Matsuda), roselyn@dental.upenn.edu (RJ. Eisenberg), ghc@dental.upenn. 
edu (G.H. Cohen), doinaa2@dental.upenn.edu (D. Atanasiu). 


http://dx.doi.org/10.1016/j.ymeth.2015.05.021 
1046-2023/© 2015 Elsevier Inc. All rights reserved. 


The earliest step in herpes simplex virus (HSV) infection, virus 
entry, is mediated by four glycoproteins contained within the viral 
envelope: gD, gB and a heterodimer gH/gL. Both serotypes of HSV 
(HSV-1, the oral form and HSV-2, the genital form) contain similar 
versions of these four proteins. Their importance is highlighted by 
the fact that each is required for virus entry and each is a major tar- 
get of virus neutralizing antibodies [4-8]. The route of HSV entry is 
cell-type dependent and involves fusion between the virus envel- 
ope and either the plasma membrane or an endocytic vesicle [9]. 
Fusion can be pH dependent or independent [10,11]. A detailed 
understanding of the molecular interactions regulating HSV entry 
can provide important insights into the pathogenesis of HSV and 
reveal steps that could be targeted by vaccines and therapeutics. 
Furthermore, because gH/gL and gB are conserved in all her- 
pesviruses, a greater understanding of their function would have 
broad significance to human health. 
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Due to a lack of methods to directly study virus-cell fusion, 
most of what we know about virus entry is based on cell-cell 
fusion as a surrogate model for virus fusion. We have proposed a 
model for HSV fusion regulation that involves the sequential acti- 
vation of gD (via receptor binding), gH/gL and, finally, gB [12- 
14]. Structural biology of gD [15], gB [16] and gH/gL [17], as well 
as two protein receptors (HVEM and nectin-1) bound to gD 
[18,19] have transformed our thinking about how each protein 
participates in fusion. Biochemical, visual and in vivo evidence 
lends support for our hypothesis that fusion is the result of a mul- 
tistep pathway as diagrammed in Fig. 1 [13,20-24]. First, gD binds 
one of its receptors, e.g. nectin-1 (step 1). As a result, the 
C-terminal portion of the gD ectodomain undergoes major confor- 
mational changes, uncovering the gD core [2,7,18,25,26]. This acti- 
vated form of gD interacts with gH/gL (step 2) and transforms it 
into a positive regulator that helps gB undergo one or more steps 
to become an active fusogen (step 3) [12]. 

To study the complex series of events leading to HSV 
glycoprotein-induced fusion, many labs have employed cell-cell 
fusion assays, which mimic key aspects of virus-cell fusion. In this 
case, fusion bypasses the attachment step mediated in the virus by 
glycoprotein C [27,28] but still requires gD, gH/gL and gB along 
with one of the gD receptors. When these four proteins are 
co-expressed in a cell that bears a gD receptor, fusion results in 
the formation of multinucleated cells, i.e. syncytia. Syncytium for- 
mation can be visualized by Giemsa staining of cell nuclei [29,30] 
or by immunofluorescence using antibodies to one or more of the 
glycoproteins [13,31]. The microscopic techniques require count- 
ing of syncytia and nuclei, which is labor intensive [12,14,29,32]. 

Alternatively, many laboratories have employed a luciferase 
gene activation assay (Okuma et al. [33]) and this assay was subse- 
quently adapted to the HSV system [30,33]. In this assay, effector 
cells are transfected with expression plasmids for the four essential 
HSV glycoproteins as well as T7 RNA polymerase; target cells 
expressing receptor are transfected with a vector expressing firefly 
luciferase under the control of the T7 promoter. When these two 
populations are co-cultivated, fusion and cell content mixing occur, 
allowing the T7 polymerase to transcribe the reporter gene which 
is then translated into active luciferase. After a period of time, cells 
are lysed, luciferase substrate (membrane impermeable) is added 
and luminescence is quantified. Because the assay relies on de novo 
transcription and translation of the reporter gene, there is a long 
lag (hours) before a measurable signal is achieved. The most com- 
mon time for measuring luminescence is generally 18h post 
co-cultivation. Regardless of which of these methods is used, 
fusion levels can be measured only after cells are fixed or lysed. 
Jackson et al. [34] used this assay to examine fusion kinetics at 5, 
8 and 18 h post co-cultivation using separate lysates for each time 
point. The major drawback is that this assay does not allow mea- 
surements of the earliest events of fusion, particularly initiation. 

To study the dynamic process of HSV glycoprotein induced cell 
fusion, we have adapted a dual split protein assay originally used 
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to study the kinetics of HIV mediated fusion in live cells [35,36]. 
The major similarities of this assay to the original firefly luciferase 
assay are: (1) luciferase activity is measured as a read-out of fusion 
and (2) the luminescent signal is generated after co-cultivation of 
effector and target cells. However, in the split luciferase assay 
(SLA) the reporter plasmids contain chimeras of the N- or 
C-terminal portions of both RL and GFP under the control of a 
CMV promoter (Fig. 2A). To measure fusion in the HSV system, 
effector cells (B78, no gD receptor) are co-transfected with gD, 
gH, gL, gB and one of the split reporter plasmids (DSP,.; or 
RLuc8,_7) and the target receptor-bearing target cells are trans- 
fected with the reporter plasmid encoding the other split reporter 
(either DSPg_11 or RLuc8s. 41) (Fig. 2B) [35,37]. In each case, the 
split RL and GFP are synthesized prior to co-cultivation. Once the 
two cell sets are mixed, fusion occurs and this restores both RL 
activity and GFP fluorescence. The interaction of the two halves 
of GFP is strong enough to stabilize the weak interaction between 
the RL fragments. Importantly, there are membrane permeable 
substrates for RL such as coelenterazine (EnduRen) that can be 
added to live cells and be converted to a luminescent product. 
Thus, the kinetics of fusion can be measured in intact cells. In addi- 
tion, GFP fluorescence can also be used for kinetic measurements, 
either by direct examination of syncytium formation (fluorescence 
microscopy) or with a plate reader. However, exposure to light in a 
plate reader would lead to bleaching of GFP and therefore, a loss of 
signal. We previously showed that the kinetics of fusion measured 
by luminescence correlate well with the rates calculated by manu- 
ally counting GFP fluorescent syncytia [38]. The Rluc8 plasmids dif- 
fer from the original DSP plasmids in that wild type RL is replaced 
with a variant that contains eight mutations and has a different 
split point (Fig. 2A) [35,37]. These changes enhance the sensitivity 
of the assay by 100 fold, thereby allowing one to evaluate both the 
initiation and kinetics of fusion within minutes after co-culture 
[35,37,38]. We define initiation of fusion as the time when the luci- 
ferase signal becomes significant (3:1 signal to background ratio). 
The SLA is thus superior to previous methods for measuring cell- 
cell fusion, combining the advantages of a visual readout of fusion 
along with a method to measure the kinetics of fusion in real time. 

Besides surpassing many of the limitations seen with conven- 
tional fusion assays, the SLA is extremely sensitive and has facili- 
tated kinetic studies that examine how mutations in HIV and 
HSV glycoproteins [38-40] affect the overall rate of fusion and 
the time of initiation (time when fusion begins post 
co-cultivation). For example, we used both reporter systems to 
evaluate the effects of mutations of residues of the gB crown and 
fusion loops on both initiation and overall rates of fusion [38]. 
Most fusion loop mutants exhibited kinetics consistent with their 
fusion phenotype seen in an endpoint luciferase assay [23,41]. 
Surprisingly, mutations which appeared to have little or no effect 
on fusion using that assay exhibited a long lag before fusion began 
as well as a slow rate of fusion (measured using the Rluc8 plas- 
mids) that evolved into faster ongoing rates as measured with 


Fig. 1. Illustration of HSV cell-cell fusion. HSV cell-cell fusion requires four key glycoproteins (gD, gH, gL and gB) and a cellular receptor. The first step involves gD binding to 
receptor (nectin-1 is shown), which leads to conformational changes in gD. This activates gD and allows it to interact with the heterodimer, gH/gL (step 2). The gD-gH/gL 
interaction transforms gH/gL into a positive regulator that helps gB become an active fusogen (step 3). All these steps will ultimately lead to fusion between the viral and host 
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Fig. 2. Schematic representation of the split luciferase assay and the constructs used. (A) Constructs. Both renilla luciferase (RL) and green fluorescent protein (GFP) were split 
into inactive halves. The N-terminal region of RL was paired with the inactive N-terminal region of GFP. The second half of GFP was cloned to the C-terminal fragment of RL. 
Two generations of reporter genes were generated (DSP and RLuc8) that are different in the split point in RL and the presence of several mutations in RL (X) that make 
luciferase brighter. The weak interaction of the RL halves is augmented by split-GFP and ensures a high efficiency in the recovery of RL activity. (B) Assay. In the HSV system, 
effector cells are transfected with gB, gD, gH, gL and the plasmid encoding one half of either the DSP or Rluc8 gene. Target cells, bearing receptor are transfected with the other 
half of the DSP or Rluc8 reporter genes. 24 h post-transfection, EnduRen substrate is added and target and effector cells are mixed, so that upon fusion, the two inactive halves 


of DSP or Rluc8 can come together to produce fluorescence and luminescence. 


the DSP plasmids [38]. Thus, the SLA has allowed us to identify 
several previously overlooked residues that make significant 
contributions to fusion loop function. The crown of gB (FR3) is 
important in the interaction of gB with a cellular molecule [42]. 
In addition, several rate of virus entry [43,44] as well as linker 
insertion mutations [45] map here. We found that mutations in 
gB FR3 had two distinct kinetic patterns when compared to 
wild-type gB: "slow" and "fast". The rapid kinetics were not due 
to enhanced cell surface expression [32,38], thereby emphasizing 
the complex role FR3 plays in fusion and the fact that 
hyperfusogenic mutations are not solely associated with the 
cytoplasmic tail of gB [46]. Moreover, the sensitivity of the SLA 
has allowed us to add an important parameter when characterizing 
mutants, i.e. initiation of fusion. We were able to determine that 
the time of initiation of fusion varies from 7 min for wild-type 
gB, to 3 min post co-culture for a hyperfusogenic gB mutant, and 
to 10 min for slow, hypofusogenic mutants [38]. Additionally, we 
found that HSV mutants that map to the gB ectodomain and exhi- 
bit a reduction in the rate of entry [43,44] also exhibit a slower rate 
of fusion [38]. The initiation time may help explain why some 
mutants have a slower or more enhanced rate of fusion but it is 
also important to note that this does not apply to all mutants. 
For example, some gB mutants have a faster initiation time, but a 
wild-type rate of fusion [38]. We posit that mutations can influ- 
ence the formation of fusion sites but can also affect recruitment 


of cells into a developing syncytium once fusion has begun, hence 
explaining the difference between initiation time and rate of 
fusion. 

In a nutshell, the dual split luciferase assay represents a rapid, 
highly-flexible, sensitive and quantitative platform to continuously 
monitor initial and ongoing cell-cell fusion driven by such exam- 
ples as the HSV entry glycoproteins. 


2. Materials and methods 
2.1. Selection of reporter gene 


The two generations of reporter genes, DSP and RLuc8 [35], are 
both useful depending on the experiment. For analysis of early 
events (such as fusion initiation), when it is desirable to measure 
kinetics in minutes, we recommend the RLuc8 reporter genes, 
where the signal is measurable within minutes. However, when 
experiments need to be carried out over several hours to study 
the later stages of fusion such as changes in the kinetics of cell 
recruitment into a growing syncytium, we suggest using the DSP 
constructs. The high sensitivity of the RLuc8 gene could, in extreme 
instances (such as hyperactive mutants), approach or even exceed 
the reading capacity of the plate reader. This could lead to an unde- 
sired "bleed" of signal into the neighboring wells, especially if 
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multiple samples are to be analyzed. Therefore, we do not recom- 
mend using the RLuc8 reporter gene to monitor HSV fusion over an 
extended period of time. 


2.2. Optimization of fusion 


To analyze the kinetics of fusion and the events that lead to it, it 
is important to optimize fusion. The concentration of the con- 
structs that contribute to fusion can alter fusion rates. Therefore, 
it is necessary to determine the concentration of each construct 
that yields the highest level of fusion. The purpose is firstly, to 
determine the correlation between quantity of transfected DNA 
and amount of protein expressed on the cell surface (as measured 
by cell-based enzyme-linked immunosorbent assay (CELISA)) 
required to achieve maximum activity and secondly, to determine 
the rate limiting protein (as measured by SLA). This becomes par- 
ticularly important when multiple proteins are involved (such as in 
the HSV system) and for analyzing mutants that affect the rate of 
fusion. 

Titration of plasmids encoding HSV glycoproteins showed a lin- 
ear correlation between the amount of DNA transfected and the 
expression of the respective protein on the cell surface: the more 
DNA transfected, the more protein detected (Fig. 3A). However, 
the absolute rates are the same. By titrating each DNA construct 
(while maintaining the rest at a constant concentration) we found 
that the rate limiting protein was the fusion protein (gB). One pos- 
sibility is that at lower DNA concentrations, most of the gB 
expressed on the cell surface is inactive. Transfecting increasing 
amounts of DNA might increase the proportion of active gB. 
However, current reagents cannot distinguish between active and 
inactive gB. gD and gH/gL seemed to work in a catalytic manner 
(Fig. 3B) (Fig. 3 is reprinted by permission from the American 
Society for Microbiology, J. Virol. 87(21) (2013) 11332-11345, 
http://dx.doi.org/10.1128/JVI.01700-13) [38]. Maximum fusion 
rates were achieved with a concentration of 125 ng of gD, gH, 
and gL plasmids and a concentration of 375 ng for gB. 


2.3. Length of time course 


The choice of reporter genes depends on how rapidly fusion 
begins and gives a measurable signal. We now use the original 
DSP plasmids to examine fusion over long periods of time (exem- 
plified for the wild type glycoproteins in Fig. 4A) and we use the 
Rluc8 plasmids to examine fusion over short periods (Fig. 4B-D) 
[38,47]. To precisely determine the initiation time of fusion caused 
by the wild-type glycoproteins, we used the RLuc8 reporter genes 
and recorded luminescence readings every minute for 30 min 
(Fig. 4C). A significant signal-to-background ratio (at least 3:1) 
became apparent as soon as 7 min after co-culture, allowing us 
to define this as the time of fusion initiation for wild-type HSV gly- 
coproteins. As examples of how mutations can affect fusion kinet- 
ics, we show data for two gB mutants that are affected in their time 
of fusion initiation (Fig. 4D). The first of these is gB.97!^^ a double 
mutant in the cytoplasmic tail that was originally identified as a 
virus that is hyperfusogenic in forming syncytia [46]. Using the 
Rluc8 plasmids, we showed that gB'5"!^^ initiates fusion faster 
than wild-type gB (3 min for gB-97!^^ ys 7 min for wild-type gB) 
[38], recapitulating the hyperfusogenic phenotype in a cell-cell 
fusion assay [32,38]. The second mutant, gB2°° is located in the 
crown of gB. We characterized it as having a slow rate of fusion 
and also a delayed initiation of fusion (10 min) [38]. Thus, the 
SLA is more informative about the phenotype of some mutants 
than a standard endpoint assay. It allows for the evaluation of 
the impact of changes in the structure of glycoproteins on both 
the initiation of fusion and continuing fusion steps. 
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Fig. 3. Titration of glycoproteins. (A) Cell surface expression (CELISA). B78 cells 
were transfected with varying concentrations of DNA corresponding to one viral 
glycoprotein (gB, gD, or gH/gL) while the other three were maintained at 125 ng 
along with one of the DSP plasmids. Data were normalized by setting the 
absorbance value for cells transfected with 125 ng of each glycoprotein (filled 
bars) to be 100%. (B) Rates of fusion obtained from luciferase activity. B78 cells were 
transfected the same way as for panel A, and fusion was triggered with C10 cells 
carrying the second DSP half as shown in Fig. 2. Rates were determined by taking 
the luminescence units (normalized by considering the signal at 7h to be 100% 
between 3 and 7 h and calculating the slope of that line between these time points. 
Data from 3 independent experiments were averaged; R? value was equal to or 
higher than 0.96. (Copyright © American Society for Microbiology, J. Virol. 87(21 
(2013) 11332-11345, http://dx.doi.org/10.1128/JVI.01700-13.) 


2.4. Split luciferase assay protocol 


2.4.1. Day 1 

Seed 5 x 10^ effector cells/well (B78 cells) on a white 96-well 
luciferase plate treated for cell culture. Cells are grown in selective 
DMEM medium (Gibco) containing 525 fetal calf serum (FCS) and 
100 ug/ml penicillin/streptomycin. If SLA is paired with CELISA to 
determine surface expression, cells are plated at the same density 
on regular, transparent 96-well plate treated for cell culture. 

Seed target cells (B78-C10 cells stably expressing nectin-1) on a 
6-well plate treated for cell culture at 2 x 10° cells/well; cells are 
maintained in B78 cells medium supplemented with 500 ug/ml 
G418. Cell density should not exceed 80% confluency the following 
day. 


2.4.2. Day 2 

When we first developed the SLA, we paired it, head-to-head 
with visual assays such as Giemsa and immunofluorescence stain- 
ing to assess the reliability of the results we saw from the SLA. 


72 


; =% Cells only 
|==- BDHL 


Luminescence (raw) 


Time(h) 


= Cells onl 
300 y 

=g BDHL 
250 


200 


Luminescence (raw) 


Time(min) 


ONT O c O N ct 
- rs 


W.T. Saw et al./ Methods 90 (2015) 68-75 


B 40000 ; 797 Cells only 
Ẹ 35000 | CIC BDHL 
= 30000 
[7] 
9 25000 
8 20000 
£ 15000 
E 10000 
= 5000 
0 X 
Oo 000 o0 
N st (O WOON 
Time(min) 
D == Cells only 
BDHL 
300 18 BOSMADHL r 
LE | é BLL871AADH 
Š 250 = 
g 200 
$ 
9 150 
£ 
Z 100 
3 
= 50 
0 


O N TO oO ON sx 
— — 


Time(min) 


Fig. 4. Length of time course. (A) Long time course. Curves showing raw luminescence values obtained from a representative experiment with cells transfected with the gB, 
£D, gH/gL and DSP plasmids versus cells transfected with control plasmid, pCAGGS and DSP for a 6 h time course. (B) Two hour time course. The Rluc8 reporter genes increase 
the sensitivity of the assay such that fusion can be monitored within the first 2 h of co-cultivation when cells were transfected with all four viral glycoproteins. (C) Initiation of 
fusion. In addition to a 2 h time course, the Rluc8 plasmids also allow signal to be detected as early as 7 min for cells transfected with all four viral glycoproteins. (D) Effect of 
mutations in gB on fusion initiation. Curves show differences in initiation time between wild-type and mutant gBs. 


Since visual assays are typically done in a 24-well plate and the SLA 
in a 96-well plate, we made sure that the cells on both plates were 
transfected with similar amounts of DNA, for a correct comparison. 
As such, the transfection mix was prepared in duplicate: one mix- 
ture to be applied to cells aimed for visual examination and the 
other mixture to be distributed over 3 wells in a 96-well plate 
for SLA. Therefore, all DNA amounts described for the SLA in this 
report reflect the concentration of each construct that will be dis- 
tributed over 3 wells in a 96-well plate and not the concentration 
per well. 


2.4.2.1. Transfection of effector cells. Co-transfect B78 (effector) cells 
with the following plasmids: 125 ng each of the gD, gH, gL, and 
DSP,.; (or RLuc8, 7) plasmids and 375 ng of the gB plasmid. To 
account for background, we include a negative control: B78 cells 
transfected with 750 ng of empty vector, pCAGGS, so that the 
amount of DNA used for negative control would be the same as 
the total amount of DNA used in our samples of interest. For each 
sample, dilute the plasmids in a 250 ul final volume of OPTI-MEM? 
reduced serum media (Life Technologies) containing 4 ul of 
Lipofectamine 2000 (Life Technologies). Incubate the DNA-lipid 
complexes for 10 min at room temperature. Pipette the 250 ul 
DNA-lipid complex over 3 wells (80 ul/well) of effector cells. If 
SLA is paired with CELISA, the transfection mix is prepared in 
duplicate so that the same mix can be used for cells on the clear 
96-well plate. 


2.4.2.2. Transfection of target cells. Transfect B78-C10 cells stably 
expressing nectin-1 (target) cells with lpg of DSPg-11 
(or RLuc8g.;,,) plasmid. Dilute DNA in 1 ml final volume of 
OPTI-MEM® reduced serum media containing 10ul of 
Lipofectamine 2000. Incubate the DNA-lipid complexes for 10 min 
at room temperature. Add mix to target cells. Allow transfection 
of both effector and target cells to proceed for 24 h. 


2.4.3. Day 3 

2.4.3.1. Preparing effector cells. Remove transfection mix by suction. 
Add 40 tl fusion medium/well (DMEM without phenol red (Gibco) 
supplemented with 5% FCS and 50 mM HEPES) containing EnduRen 
substrate (Promega), diluted 1:1000 based on an 80 pl final volume 
in each well after co-cultivation. Incubate for 1 h at 37 °C. 


2.4.3.2. Preparing target cells. Remove transfection mix. Detach cells 
with 1 ml/well pre-warmed versene; wash well with 1 ml fusion 
medium to collect all cells. Transfer cells to a Corning conical tube. 
Spin cells down for 10 min at 1000 rpm/4 °C. Remove supernatant. 
Resuspend pelleted cells in 500 ul of fusion medium. Transfer 40 ul 
target cells over effector cells. 


2.4.3.3. Luminescence readings. After the co-cultivation step, place 
plate immediately (no lid) into a BioTek Synergy 2 plate reader 
set at 37 °C. This will be “time 0”. If DSP reporter genes are used, 
readings will be recorded every hour. Therefore, the plate should 
be returned to a 37 °C incubator until the next read. 

When RLuc8 reporters are present, the plate is left in the plate 
reader set at 37°C and readings are taken continuously either 
every 1 min or every 5 min. The presence of HEPES helps maintain 
a constant pH and CO; level. However, the "open plate” configura- 
tion can lead to uneven evaporation and therefore uneven signal in 
a longer time frame. For this reason, we do not recommend contin- 
uous readings for more than 2 h. 


2.4.3.4. Measuring cell surface expression (CELISA). Replace transfec- 
tion mix with 50 ul blocking solution (3% bovine serum albumin 
diluted in PBS** (1x Gibco Dulbecco's PBS containing Ca?* and 
Mg?*). Block for 30 min. Replace blocking solution with primary 
antibody (R7 polyclonal antibody IgG for gD; cocktail of mono- 
clonal antibodies (A22, SS10, and SS67) for gB; R137 Pab for 
gH/gL) diluted 1:1000 in 3% BSA-PBS**. Incubate 1h at room 
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Fig. 5. Use of soluble gD(gD3ost) to trigger fusion between receptor bearing target cells and effector cells bearing gB and gH/gL. (A) Absolute fusion rates are similar when gD 
is expressed from a plasmid or delivered as a soluble protein. (B) Dose-dependence of fusion on gD3ost concentration. Curves show correlation between fusion levels and 
different concentrations of gD3ost. Concentration ranging between 500 ug/ml and 30 ug/ml gave the same signal output as 250 ug/ml. (C) Determining gDsog; concentration 
that yields 50% of maximum fusion level. Data from (C) are plotted as levels of fusion 6 h post co-cultivation. 


temperature. Rinse cells once with PBS**. Fix cells with 3% 
paraformaldehyde for 30min at room temperature. Remove 
paraformaldehyde and rinse cells three times with PBS**. Add sec- 
ondary goat anti-rabbit secondary antibody coupled to horseradish 
peroxidase for gD and gH/gL (Cell Signaling Technology), or goat 
anti-mouse antibody coupled to horseradish peroxidase for gB 
(Cell Signaling Technology) for 1h at room temperature; all sec- 
ondary antibodies are diluted 1:100 in 3% BSA-PBS**. Rinse cells 
three times with PBS** and once with 20 mM citrate buffer (pH 
4.5). Add 100 ul ABTS (2,2'-azinobis [3-ethylbenzothiazoline-6-sul 
fonic acid]) peroxidase substrate (Moss, Inc.). Measure absorbance 
at 405 nm using a plate reader. 


2.5. Applications 


2.5.1. Synchronizing fusion with soluble protein 

Previous studies done in the lab have shown that a soluble, 
truncated form of gD lacking the transmembrane region and cyto- 
plasmic tail (gD3ost) can be used to trigger fusion [12,13,24]. This 
not only allows for synchronization of fusion, but also enables 
the study of fusion inhibitors as well. By using soluble gD as a trig- 
ger, we can analyze the effect of an antibody to a specific glycopro- 
tein for example, by allowing enough time for the antibody to bind 
before early fusion events are initiated. 

A direct comparison of transfected and soluble gD fusion curves 
shows that in both cases the absolute rates of fusion are identical 
(Fig. 5A). B78 cells were transfected with gB, gH and gL plasmids 
as described and 250 ug/ml soluble gD [12,24] was added the next 
day, at the co-cultivation step. This was run simultaneously with a 


sample that was transfected with gD. Although the raw values for 
fusion with soluble gD are somewhat lower than for transfected 
plasmid (not shown), the assay is sensitive and allows for a titra- 
tion of gD3ost. The rate of fusion is dose-dependent up to a concen- 
tration of 30 ug/ml, which was as good as 500 ug/ml at triggering 
fusion (Fig. 5B). This highlights the catalytic manner in which gD 
was found to trigger fusion by gB ([38] and Fig. 3B). Plotting the 
data as percent of fusion at a specific time over a range of concen- 
trations (Fig. 5C) can be used to determine the concentration that 
can yield 502; of the maximum fusion level. This way of analyzing 
data can be particularly useful when the effect of inhibitory com- 
pounds on fusion/function of glycoproteins is examined. 


2.5.2. Blocking of fusion with inhibitors 

An important step in the analysis of function of glycoproteins 
(either wild-type or mutant) is to determine the effect of various 
compounds (antibodies, peptides, chemicals) on fusion 
[12,14,48,49]. Here, we show as a proof of principle the effect of 
three gD antibodies on fusion: MC1, MC5 and DL11. MC5 and 
DL11 are neutralizing antibodies [7,8] whereas MC1 is not [7]. 
Using the firefly luciferase assay [30,33], we found that MC1 had 
no effect while MC5 and DL11 blocked cell-cell fusion (Fig. 6A) 
confirming their phenotypes in virus-cell fusion. Using the SLA, 
we found that MC5 and DL11 completely blocked the initiation 
of fusion whereas MC1 had no effect on either initiation or kinetics 
of fusion (Fig. 6B) Antibodies, peptides and other inhibitory mole- 
cules that target different glycoproteins can be assessed in this 
manner for their ability to affect initiation and the rate of fusion 
[48]. 
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Fig. 6. Blocking of fusion with antibody. (A) Firefly luciferase assay. One population 
of CHO-K1 cells was transfected with the gD, gH, gL, gB and T7 polymerase 
plasmids. The other population was transfected with receptor and luciferase 
plasmids. 6 h post-transfection the two populations were co-cultivated and 100 ug/ 
ml of antibody (MC1, MC5 or DL11) was added. 18 h post co-cultivation, cells were 
lysed and luminescence measured. Values were normalized to no antibody control. 
(B) Split luciferase assay. B78 cells were transfected with gB, gH, gL, and one of the 
DSP plasmids. C10 cells were transfected with the other DSP plasmid. An hour prior 
to co-cultivation, 30 ug/ml soluble gD was pre-incubated with 30 ug/ml of either 
MC1, MC5 or DL11. The gD-Ab mixture was then added at the co-cultivation step. 
Fusion was monitored over 6 h. Data were normalized to no antibody control. 


2.6. Troubleshooting 


Low or no signal during fusion assay is usually linked to subop- 
timal transfection protocol. Here are suggestions for potential 
problematic steps. 


2.6.1. Adherence of cells to plate 

If cells are suspected of detaching, especially during CELISA, cul- 
ture plates can be treated with gelatin diluted in sterile distilled 
water. Add 100 ul of 0.2% gelatin per well for 1h at 37°C. 
Aspirate and air dry the plate in a hood (to maintain sterility) until 
no trace of solution is seen. Then, plate the cells as required. 


2.6.2. Cell confluency at the time of transfection (for both target and 
effector cells) 

Cells that have been seeded too heavily or too lightly are trans- 
fected with low efficiency. Refer to the transfection reagent's rec- 
ommendations to determine cell density. The 96-well white plate 
used for SLA does not have a clear bottom. We suggest plating 
effector cells in a clear bottom 96-well replica plate, so that conflu- 
ency can be checked under a microscope before transfection is 
performed. 


2.6.3. DNA or soluble protein concentration 

Varying the concentration of DNA used for transfection can 
affect transfection efficiency. Perform a titration to determine the 
concentration of DNA that yields the best signal. If possible, check 
for the expression of the protein on cell surface as well (by CELISA). 
Varying the concentration of soluble protein used to trigger fusion 
can also affect signal. A titration of exogenously added proteins is 
strongly recommended. 


2.6.4. Number of target cells used for co-cultivation 

In our hands, 1/12 of a 6 well of confluent target cells (after 24 h 
post transfection) for each well of effector cells worked best. This 
ratio may be different for other cell lines. Signal production may 
be improved by increasing the number of target cells used for 
co-cultivation. 


2.6.5. Substrate 

EnduRen substrate by Promega comes as a dry pellet that is to 
be reconstituted in dimethylsulfoxide (DMSO). We found that 
reconstitution was more efficient when fresh DMSO was used. 
Once reconstituted, substrate should be aliquoted as single-use ali- 
quots; repeated cycles of freeze-thawing can lead to degradation 
and therefore a decrease in sensitivity. The substrate is light sensi- 
tive and should be added to cells as rapidly as possible and away 
from bright light. Substrate also precipitates at lower tempera- 
tures. Therefore, dilutions should be done in warmed medium 
and the plate reader should be pre-set to 37 °C before the experi- 
ment begins. 


2.6.6. Plate reader settings 

These will largely vary depending on the machine used. Check 
the instruction manual for the correct selection of filters and sen- 
sitivity. For a BioTek Synergy 2 reader, we used sensitivity set at 
150. 


2.7. Data analysis 


A negative control (where fusion is not expected) is always 
included to account for background noise. Data can be normalized, 
after background subtraction, to the last reading of the time course. 
The linear portion of the curves is used to calculate the rate of 
fusion. A slope with a R? value greater than 0.96 is considered a 
good fit. 
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Appendix A 
A.1. Equipment 


A plate reader with temperature control (we used a BioTek 
reader) is necessary to measure fusion. Temperature control is 
especially important when using the Rluc8 plasmids. 


A.2. Supplies 


Standard molecular biology reagents are needed for tissue cul- 
ture and transfection. A 96-well white plate (Corning catalogue 
No. 3917) is used for the effector cells in SLA to facilitate measuring 
luminescence. Clear tissue culture plates are used for checking cell 
density of effector cells and for CELISA (96-well, Corning catalogue 
No. 3595) and culturing target cells (6-well, Corning catalogue No. 
3516). Plasmids for the DSP and Rluc8 assays are available upon 
request. 
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